Objective: To asses the presence of cortical demyelination in brains of patients with neuromyelitis optica (NMO). NMO is an autoimmune inflammatory demyelinating disease that specifically targets aquaporin-4-rich regions of the CNS. Since aquaporin-4 is highly expressed in normal cortex, we anticipated that cortical demyelination may occur in NMO.
respiratory-related (n ϭ 14), perforated ulcer (n ϭ 1), subarachnoid hemorrhage (n ϭ 1), or unknown (n ϭ 3) (table). We determined the spectrum of cortical demyelinated plaque types according to established criteria. 12, 13 Plaques were classified as follows: 1) leukocortical demyelinated lesions involving cortical gray matter and white matter at the gray-white junction with sparing of superficial cortical layers; 2) intracortical lesions which were confluent or perivenous demyelinated lesions confined to the cortical gray matter with sparing of superficial cortical and subcortical U fiber layers; or 3) subpial lesions extending variable distances from the cortical pial surface with or without involvement of the underlying white matter. We analyzed 82 tissue blocks containing cerebral or cerebellar cortex for evidence of cortical demyelination, and excluded 6 blocks from 3 NMO cases which contained confounding pathologic changes consistent with ischemic infarcts. We analyzed a median number of 3 blocks per case (range 1-12) from the 76 remaining tissue blocks representing all 19 cases (table) .
Specimens were fixed in 10%-15% formalin and embedded in paraffin. Sections were stained with hematoxylin-eosin to demonstrate tissue and cell morphology. Immunohistochemistry was performed without modification using an avidin-biotin or an alkaline phosphatase/antialkaline phosphatase technique as previously described. 7, 14 Sections were incubated with primary antibodies overnight at 4°C. We used primary antibodies specific for myelin proteolipid protein (PLP, polyclonal; Serotec, Oxford, USA) and AQP4 (C-terminal residues 249 -323, affinity purified rabbit polyclonal IgG; Sigma-Aldrich), and as controls, omitted primary antibodies. 7
RESULTS
Detailed analysis of the neocortex from all forebrain lobes, archicortex (hippocampus), mesocortex (parahippocampus, cingulate, and insula), and cerebellar cortex revealed no subpial, intracortical, or leukocortical lesions. Myelin was preserved in all cortical layers (figure 1, A, B, E, F, I, and J), in the dentate gyrus and all fields of Ammon's horn (figure 2, A, B, D, F, and H), and in the molecular, infraganglionic, and supraganglionic layers of the cerebellum (n ϭ 9 cerebellar blocks from 9 NMO cases) (figure 2, J, L, and N).
The cortical distribution of AQP4 as previously described for normal tissues 7, 11 DISCUSSION Although brain lesions in NMO have been described in AQP4-enriched periventricular white and deep gray matter structures, this is the first study to show the absence of cortical demyelination in NMO, despite AQP4 being heavily concentrated in this region. 8, 15, 16 NMO is caused by a disease-specific serum autoantibody (NMO-IgG) that specifically targets the AQP4 water channel in the astrocytic foot processes. 2, 3, 7 The preservation of AQP4 and myelin in cortical regions may relate to regional differences in blood-brain barrier (BBB) permeability. Functional and structural differences between white and cortical gray matter BBB have been described. 17, 18 Perivascular astrocytes arranged in rows, cylinder-like segmented, thick and abundant perivascular astrocytic processes, and larger perivas- cular spaces are characteristic for the white matter and suggest that a single astrocyte has more contact area with the vessel wall, while the absence of perivascular glial rows, narrow perivascular spaces, and thin, sheet-like astrocytic processes that encapsulate blood vessels are characteristic for the cortical gray matter. 17, 18 These differences are thought to account for selective white matter permeability in brain edema, 18 HIV-1 encephalitis, 19 and following administration of IL-2, 20 although the exact mechanism is unknown. Alternatively, perhaps a differential expression of M1 and M23 isoforms of AQP4 could render the cortex less susceptible to NMO-IgG attack. 21 Particularly remarkable is the preservation of myelin in cortical regions that are susceptible to demyelination in MS, namely the cingulate, insular, frontal, and temporal cortices. 22, 23 Cortical demyelination in chronic MS is extensive. In the progressive stage of the disease, demyelination characteristically affects up to 70% of the cerebral and 90% of the cerebellar cortex. 13, 24 Despite more severe axonal injury in NMO than MS, paradoxically a secondary progressive clinical course is uncommon in NMO. 25 This may relate to the absence of cortical demyelination. The findings we report here further pathogenically distinguish NMO from MS and reinforce the hypothesis that cortical demyelination is an important contributor to progressive neurologic disability in MS. 24 Cortical demyelination in MS accumulates with disease duration. Limited cortical demyelination has been reported in acute and early relapsing cases of MS. Nevertheless, preservation of cortical myelin in NMO is unlikely simply due to sampling bias among severe acute fulminant cases, given that 3 of our NMO cases had a disease duration greater than 8 years (table) . While one of these cases (no. 15 in the table, 180 months disease duration) had limited sampling (3 blocks), the other 2 (no. 12, 108 months, and no. 13, 96 months disease duration) had extensive sampling (7 and 12 blocks, respectively) (table) .
Cognitive deficits have been reported in both MS 23 and NMO. 9 Neuroimaging and neuropathologic studies suggest brain atrophy 26 and cortical demyelination 23 as substrates for the cognitive decline observed in patients with MS. However, unlike patients with MS, patients with NMO reportedly do not develop neuroimaging evidence of brain atrophy. 10 These neuroimaging findings are compatible with our pathologic observations reporting an absence of cortical demyelinating lesions in NMO brains. 10 Furthermore, the reduced magnetization transfer and increased mean diffusivity described in normal-appearing gray matter of NMO brains 10 cannot be explained by cortical demyelination. Nevertheless, nonconventional MRI studies suggest that cortical gray matter is damaged in NMO. 10 Our findings of prominent astrogliosis and neuronal pathology in NMO cerebral cortex may be the pathologic correlates of these cortical imaging abnormalities. The lack of pyknotic neurons in NMO cerebellar cortex argues against these cortical changes being due to terminal hypoxic events. Although retrograde degeneration of neurons secondary to lesions in the spinal cord, optic nerves, or white matter may contribute to cortical damage, it is pertinent that we did not observe the ballooned or chromatolytic neurons that would be anticipated in a gross retrograde somatic reaction to neuritic injury. Our finding that AQP4 and myelin are preserved in the cerebral and cerebellar cortices provides additional pathologic evidence that different pathogenic mechanisms are responsible for brain damage in NMO and MS. Understanding why the cortex is preferentially spared in NMO despite abundant cortical expression of the target antigen, AQP4, is a challenging question for understanding the disease pathogenesis and may lead to new therapeutic approaches aimed at relapse prevention.
